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OUTLINE

e lecture 1: lepton flavor in the SM
* lecture 2: LFV observables - muons
* lecture 3: LFV in taus, Higgs and ﬂavorf>

e lecture 4: LFV searches and light new L
physics

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 2 ICTS School, May 3 2022



SHORT REVIEW OF
LECTURES 1 AND 2

e in the SM leptonic flavor violation is
essentially zero

e if signal in any of the FCNC transitions
B vy e u—e, T U

e = discovery of New Physics

e significant experimental progress expected
in searches with muons

e MEG-II, Mu3e, DeeMee, Mu2e, COMET
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SUMMARY OF CLFV

e many different charged lepton transitions  , — Z %Qa

e in principle probe verv high scales e 5 ,
Vel e .,T,Q?:S—;H(EZU'LWPLW)FMV
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OUTLINE LECTURES 3 & 4

* in lectures 3 & 4:
® LFV in tau decays
® LFV using B, D, K decays
® searching for light NP using LFV decays
® Higgs as a probe of flavor
® flavor diagonal observables: eEDM and

(e 1),
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LFV 7 DECAYS

e several important differences relative to muons

* experimental:
e 7 lifetime is short = no "tau beams"

e need to be produced in ete™ — 777~ (Belle Il) or in pp
collisions (LHC)

¢ smaller experimental samples compared to muons
e 7is heavier, m. = 1.777 GeV, many decay modes possible
e theoretical:

e the models that lead to CLFV in muons tend to give
CLFV tau decays

e often couplings to 3rd generation are larger (motivated
by flavor structure in the SM)
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FUTURE REACH

e significant improvements in the
experimental reach expected

Akar et al., 1812.07638

e example for tau: Belle 2 and HL-LHC reach

«CLEO
v BaBar
+» Belle

« LHCb
s ATLAS
« Belle |l

90% C.L. upper limits for LFV t decays
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Experiment | Number of 1 pairs
~3.3 x10°

CLEO ~1 x 107

BaBar ~5x 108

E REACH

Belle ~9 x 108 ements in the

Belle Il ~4.6 X 1010 1 expected
~2.1x 1010

Akar et al., 1812.07638

a]le 2 and HL-LHC reach
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NEW PHYSICS IN
TAU DECAYS

e two categories of LFV tau decays

e purely leptonic: 7 = uy,7 — 3e,7 — 3y, ...

® NP can be purely leptophilic

® also involving hadrons:
. T > ep, T > UK, ...

® NP needs to couple to both leptons and quarks

® the quark couplings may or may not be flavor
violating

e comparison with FCNC muon decays

® need concrete models to compare muon and tau decays
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TWO EXAMPLES

e the examples of NP with nontrivial
flavor structure

® 3 model of neutrino masses
® supersymmetric see-saw
® a model of flavor

* gauged U(1)' Froggatt-Nielsen
model
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SUSY SEE-SAW
EXAMPLE



SUPERSYMMETRIC

SEE-SAW

Antusch et al., hep-ph /0607263

 SM is enlarged by 3 generations of RH neutrinos

e to stabilize the electroweak scale the model is

assumed to be supersymmetric

J. Zupan Leptor
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SUPERSYMMETRIC
SEE-SAW

* in general there are many flavor violating parameters even in the minimal
SUSY see saw model

® 124 from minimal SUSY SM (MSSM)
® another 18 in the neutrino sector
e most of these related to SUSY breaking
® the form of slepton and squark mass matrices
e focus on a very restricted case: constrained MSSM Antusch et al., hep-ph /0607263

e SUSY breaking parameters are assumed to be flavor universal at the
UV scale (=GUT scale)

e all LFV originates solely from the neutrino sector

® some of the parameters are fixed by requiring to reproduce neutrino

masses and PMNS, scanned over the rest

22
2

3 ”":-: i)
® IV in slepton mass matrices from RGEs

my —

Y,' MY,
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e in general there are many flave Bt X \ €
SUSY see saw model > | \ >
® 124 from minimal SUSY SM sy e

® another 18 in the neutrino sector
e most of these related to SUSY breaking
® the form of slepton and squark mass matrices
e focus on a very restricted case: constrained MSSM Antusch et al., hep-ph /0607263

e SUSY breaking parameters are assumed to be flavor universal at the
UV scale (=GUT scale)

e all LFV originates solely from the neutrino sector

® some of the parameters are fixed by requiring to reproduce neutrino

masses and PMNS, scanned over the rest

22
2

® IV in slepton mass matrices from RGEs
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SUPERSYMMETRIC

SEE-SAW
e the dominant LFV . ) \f”
contribution comes R SN \
from dipole operators b <o e
("photon penguin") T T
® the f‘] T BKZ are thus glven by Antusch et al., hep-ph /0607263

mp 11
BR(l; — 3l;) = 3ﬁ <log A Z) x BR(l; — i),

T my
(A

e because of restricted flavor structure there is
also a relation between y — ey and v — uy
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GAUGED FN MODEL
EXAMPLE



STANDARD MODEL FLAVOR
RUZZILE

e in this example the flavor structure is not ad-hoc
e the model solves the SM flavor puzzle
e why are fermion masses so hierarchical?

® an explanation of mixing patterns?

Cosmological QCD electroweak GUT Planck
constant scale scale scale mass
DAL L LLNNM L LUUNRE L LUBNR L DUMS L LUMNR L LLUURN L LULORA @ LUUUMS L LOUONML L Lubeamd L hhemdhhdees ibms riibws rfimes 1iu L LLCIRS L RUUORR & LBCMIRE L LUOMNN L DAMNAN L LUBMNR L LUMMN L DUUNR L LAbems L LUURE L LLUNRS L RUUGRE @ LBChml L hhbemsnhdeadononioeorithws 1t
10°°GeV 1077 10°° 10’ 10" 10" 10"

Q@D 00 O

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 16 ICTS School, May 3 2022




FN SOLUTION TO THE
EEAVOR PUZZLE

Froggatt, Nielsen, NPB 147, 277 (1979),...

e Large hierarchies in quark + lepton masses and in CKM matrix
e can be addressed via horizontal U(1)gy symmetry

e SM LH and RH fermions have different U(1)gy charges

e hierarhical Higgs Yukawas after U(1)py broken via vev of
scalar field, the flavon @

o if U(l)py gauged there is an associated Z’

- | heavy Q O,
i - IW“z e ———— > o
—[u]; | | | | | [q]i # —[u];
‘ : : , , ,
Uu(2), charge , , | | |
X X X X X
o p
Insertions of VEV (P Uy =~ U 174 Ge\

figure due to F. Goertz




Smolkovic, Tammaro, JZ, 1907.10063

SPURION ANALYSIS

f A B heavy (2]

~[u],

Y

n

e effective Yukawas governed by flavon insertions (so that invariant under flavor

o\, _ ¢
Legps ~ (E hq;u; ‘= An

e hierarchy from powers of small parameter &

symm.)

e FN mechanism involves
e vector-like fermions + scalar flavon fields (no anomaly)

e chiral fields at the end of the chains: in general anomalous U(1)gy

o we show the results for an anomaly free U(1)gy (inverted FN) that is gauged
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Smolkovic, Tammaro, JZ, 1907.10063

EXPERIMENTAL SEARCHES

e how to observe experimentally?

e search in FCNCs

e K—KB-RB mixing, etc.

® exchanges of flavons, heavy vector-like
fermions, flavorful Z's

o for O(1) couplings masses > 10’ GeV
e for small U(1)rn gauge couplings Z' can be light

® can also search for it directly: beam dumps,
e e colliders, astrophysics

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 19 ICTS School, May 3 2022



FLAVORFUL Z!

e for U(1)rny benchmark, assuming
anarching neutrino mass from Weinber op.
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TAU DECAYS

e in this model tau decays less sensitive as discovery tool

e but essential to be measured in order to confirm the model

10—11 e ] i i ‘ e
0.01 0.10 1 10 100 1000

my (GeV)

]. Zupan Leptw - w 3 2022
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RARE MESON DECAYS

e so far a focus on LFV transitions with p, 7 in the initial state
e another possibility, use meson decays

e e, BT > Ktute ...
e an example already shown is Z'in U(1)gy

e if tree-level mediator off-shell= meson mixing or LFV
FCNCs more constrained

o for on-shell Z’on the other hand M; —» M,Z" gives the

leading constraints

e note: Z' may decay through flavor conserving mode, so
searches such as B - Ku™*u~ also relevant
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o for on-shell Z’on the other hand M; —» M,Z" gives the
leading constraints

e note: Z' may decay through flavor conserving mode, so
searches such as B — Ku™u~ also relevant
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MAJORANA NEUTRINOS

e if neutrinos Majorana fermions then lepton
number violating decays possible

e leptons can be of same flavor, B~ — 77y~ or

different flavor, B~ > n7u~e B~ >z u"17, ..

LHCb, 1401.5361
J. Zupan Lepton'Flaver ViSO (EeCtilcs o & 4) ULt T TS STHOO I VIaASI2022




SEARCHING FOR LIGHT
NEW PHYSICS



LIGHT NEW PHYSICS >
PROBE OF HIGH SCALES

e rare decays into a light state, X, e.g., K — X or u — eX,
® exquisite probes of UV physics
e parametric gains compared to probing NP through dim-6 ops

e the reason is that the SM decay widths are power
suppressed I, mg/ma,

e if light NP couples through dim 4 op with mixing angle 6 =
['(K — np) x 6’2mK:»Br(K — TP) X 6’2(nftW/rrLK)4

e if through dim 5 op. suppressed by 1/f, =
Br(u — ep)  (my,/f,m,)*

e no such 1/m, or 1/my enhancement for dimension 6 couplings

Br(u — 3e) o« (my,/A)*
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UPSHOT

e searching for 4 — eX, 7 — uX decays expect to
reach very high UV scales

e are such light NP particles common?

® any spontaneously broken global symmetry
results in massless Nambu-Goldstone bosons

e often (but not always) the mass of PNGBs is
taken as a free parameter

® proportional to explicit breaking of global
symmetry

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 2% ICTS School, May 3 2022



QCD AXION

* a celebrated example: QCD axion

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 28 ICTS School, May 3 2022



STRONG CP PROBLEM

e Lorentz and gauge invariance allow a CP violating term in
QCD

g Qg
ST 107

e physically observable is the combination

L=0"G"Cy, =0

UV ,Ypo

0 = 0 + arg det(M M)

e experimentally :

d, ~4x1071% 0 ecm i |d,|., <3x107*ecm

e why 6 so small? -
0 < 10—10'

e very puzzling given large CPV phase in the CKM

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 29 ICTS School, May 3 2022



Peccei, Quinn, PRL 38, 1440 (1977)
Weinberg, PRL 40, 223, (1978)
Wilczek, PRL 46, 279 (1978)

AX l O N Vafa, Witteni PRL 531 535 (1984)
e if O(x) a dynamical field and couples only to 6GG
= potential min. at 6(x) =0 va _ 2fa
fifi — VA
® new ultra-light particle - axion , “fif;
aS E CVern a ~ a a
ef — 5 FF A 7
Lot = 5 7 ~ GG+ 7 7 S0 (Chig, + Chig 1)y
® obtains mass from QCD anomaly
12
Mg = 5.70(7) peV (10 fGeV)

e viable cold dark matter candidate for

107%eV <m, <107°eV

Y

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 30 ICTS School, May 3 2022



EXPLICIT MODEL -
AXIFLAVON

Calibbi, Goertz, Redigolo, Ziegler, JZ, 1612.08040

tr heavy Q O,

- I | 1 -
—[ul; ' | | | lq]i # —lul;
. O T
| | | |
X X X X X
¢ FN mechanism involves Froggatt, Nielsen, NPB 147, 277 (1979),...

e vector-like fermions (no QCD anomaly)
e scalar flavon fields

e effective Yukawas governed by flavon insertions (so that
invariant under flavor symm.)

¢\, _ ¢
Lepr ~ (E hg;u, €= A

® hierarchy from powers of small parameter ¢
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AXIFLAVON

e ingredients for axion mechanism

® need a global PQ symmetry that is spontaneously broken
= Goldstone boson is the axion

® global symmetry needs to be anomalous under QCD

e flavor symmetries that explain Yukawa hierarchies have a
QCD anomaly

e axiflavon mechanism: identify PQ symmetry with FN U(1)y

e the phase of the flavon is the QCD axion = axiflavon

H — f T (/5(513) 6710,(:13)/]"

\/§ Wilczek, PRL 49, 1549 (1982)
Calibbi, Goertz, Redigolo, Ziegler, ]Z, 1612.08040

Ema, Hamaguchi, Moroi, Nakayama, 1612.05492
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SEARCHING FOR AXIONS/
AXIFLAVONS

e axiflavon
e flavor violating couplings to fermions

® in addition to flavor diagonal couplings to
electrons, nucleons, couplings to photons,
gluons

® in the minimal FN axiflavon model

........... a ~ VTt ~ Mq /Ml
fa ueV 1012GeV

J. Zupan Lepton Flaver-vromauortoecraresosery oo rerooenvorwvlay 3 2022




SEARCHING FOR AXIONS/
AXIFLAVONS

m1n1m al axiﬂ avon 0/n Calibbi, Goertz, Redigolo, Ziegler, JZ, 1612.08040
-3 -2 -1 0 f prmernn, .
" 10 0 gl ™, natural axion
' ! 1 fl 3 .
d 4 U as DM window
11 : 3 : : i : 1" Superradiance
U e — o 2n | 2sN19sTA
-4 i : T / 3HESS., Fermi-LAT
— H ‘ 4 Globular Cluster
-13 | . [
- 10 NA®62 future: ] / 4 Globul
8 | Br(K+e AR 6 White dwarfs
: 10—15 B | | ’ e ‘ 6
N | r ] K-> n"a
N - ! l ; ADMX-II
T L T --."""J I §
S0 10—17 ________ "I- | ‘
! . CASPEr-1II
________ H | o
=T ! 3 [AXC
10719F° ! ] ABRA-Res
i KSVZ+DFSZ | ABRA-Broad
| ‘ Axiflavon | Y
10721} o b4 LN E787 & E949:
10710 10°F 10°  10* Br(K+—mta)<7.3-10-1

my, (CV) L aaane Te———— r




LEPTOPHILIC ALPS

e in the minimal model

e K — 7a the most sensitive

e mass of a is fixed from QCD dynamics
e both of these results are model dependent

e focus on examples where LFV is the most important
e here bottom up approach

e allow for any a mass (Axion-Like Particle =ALP)

e use the effective Lagrangian

as E aem CL ~ a a,
= =2 FF A ;
£ ft 87T fa GG N 87T fa 2fa, f’y (szfj i szfjf}%)f

e switch on all ALP couplings to leptons

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 35 ICTS School, May 3 2022



Calibbi, Redigolo, Ziegler, JZ, 2006.04795

BOUNDS ON
LEPTOPHILIC ALP
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U"T — eTa SEARCHES

e two types of searches for u™ — e™a positron line
e suppress the SM bckg., 4 — evi Jodidio et al. 1986

e use polarized muons (P,) ~ — 1, in the forward region SM

suppressed
m, [MeV]
® sensitive only to RH ALP o 94 62 67 47 0
[ calibration with ~__.=="""=s .
B 1.5} pt et +v+v OCidugaly ~ ©
vy ’ S endpoint ég;
o = -
© 10f o =
. - = O
o [ % \ :§
= i \i8
05 cosB,=1 ‘1' S
[ A4 mm=—- cosB6,=0.8 i
. T EEEEEE cos6,=0.6
(0] 0] = e T S S
0.0 0.2 0.4 0.6 0.8 1.0
Xe

e do not suppress the SM, also sensitive to LH ALE, TWIST e
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Calibbi, Redigolo, Ziegler, ]Z, 2006.04795

MEGII-FWD

e MEGII could be repurposed for u™ — e™a search
= MEGII-fwd

e already has polarized muons

® place a Lyso ECAL downstream

Lyso-ECAL
wo ()1

v

e e Eammmeeae

e two projections were shown for 2 weeks of running

® no focusing, F=1, or gain from focusing, F=100
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Cahbbl Redlgolo Ziegler, IZ 2006.04795
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Mu3e-online

e Mu3e-online: a
dedicated search
strategy at Mu3e

e online event
reconstruction
with "short tracks"

e bump hunt on Michel
spectrum

® sensitive to both LH
and RH ALPs

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 40

A.-K. Perrevoort, PhD thesis

entrieg/dpe [a.u.]

o
o))

0.4

0.2

T

I Michel spectrum (leading order)

1 —eX signal (m,=60MeV)

P. [MeV]
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ALPS IN TAU DECAYS

e for 7 — Za the challenge is the extra missing energy
B T (> TaT (o p L)
e can only boost to pseudo-rest frame of tau

e current bound from ARGUS 1995

BR(T — pa) <45x107° (95% C.L.) = F,,>3.3x10° GeV.

ARGUS, 1995
S e

Belle (1/ab) prospect: BR(7 — pa) <1.1x107* = F,, >2.1x 10" GeV .

Belle, 2017

e ———— e ————————SNETTT

Belle-1I (50/ab) prospect: BR(7 — pa) <1.4x 107° = F,, > 5.6 x 107 (l}eV.
naive resca lnﬁ

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 41 ICTS School, May 3 2022



LFV ALP DARK MATTER

e (-th order condition for ALP to be a DM: be stable
on Hubble time

e assume a — yy dominates

H, 1 \2 /10 keV? fa \?
= Hotg > 1, h Hory >~ 5.4 :
0 Hora > 1, where Hor ( E2ﬁ) ( = ) (1010 Gev)

Y,

e if ALP is observed in a LFV process = m, < 10 keV

e LFV experiments most sensitive for some m,

® need other experiments to confirm it is DM
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LFV AXIFLAVON

Calibbi, Redigolo, Ziegler, JZ, 2006.04795
see also, Linster, Ziegler, 1805.07341

e the PQ symmetry is part of SU(2) X U(1)
flavor group

e all FV couplings need to go through 3rd
generation

e for leptons 1-2 and 1-3 mixings are larger
(in LH sector to reproduce PMNS matrix)

e = unlike minimal axiflavon, K — ma suppr.

e the observation mode is u — ea
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HIGGS AS A PROBE OF
FLAVOR



DUAL ROLE

e in the SM Higgs has a dual role

® breaks electroweak symmetry and gives the masses to
W, Z gauge bosons

e same EWSB source gives the masses to the SM fermions

e how well have we tested this?

Cosmological QCD electroweak GUT Planck
constant scale scale scale mass

s 1 + !
107 10"° 10° 10’ 10" 10" 10"

o

JZ, 1903.05062
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DUAL ROLE OF THE HIGGS

35.9-137 b Flavor

E>|> 1 LI I ] | LI ] ] LI | I ,/,
2 || CcMms
s | m,=125.38 GeV
w)_ 107k °
= |> = p-value = 44%
¢ f
1072 3
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see, e.g., Cohen, Craig, Lu, Sutherland, 2008.08597

SMEFT AND HEFT

no sign of new physics at the LHC
e assume it is heavy = integrate out, obtain EFTs

SMEFT - uses EW symmetric phase, Higgs assumed to be
EW doublet

o Ao
LN (frfp)H — 55 (FLfp) H(HTH) + -
HEFT - uses EW broken phase

e k framework: dim4 HEFT in unitary gauge
Lo —mifpfr—Yy(fLfrR)h+ -

m . m .~ _
Eeff,q — ,UI; (JQh — Zli',q 1 Q’Y5Qh |:(K/qq’ + Zlﬁ)qq/)quth + hCi| ,



HIGGS - A PROBE OF FLAVOR

e in the SM all flavor structure due to the Higgs

Yukawa couplings 10" | |

—3
: 10° | mt ]
yp = V2my [v N
10~ |
e LF mb
e implies Higgshas . 1072} ®~ X c
hierarchical S 19-3|
couplings to 104k .
fermions 10-5 1 X d X U
| R 3
* clear experimental 10~ - . .
o - ~3 3
predICtlon plot due to E. Stamou Q
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TESTING THE FLAVOR OF
THE HIGGS

Nir, 1605.00433; JZ, 1903.05062

SM _
e several questions Yyr = Va2my/ U|
. . -1
® proportionality T 35913710 (13 TeV)
17 1t ft A4
i OC My > 'FCcMS z |+

Yii (! PR ..

S - m,=125. e <7 N
® faCtor Of ELL|>1O_1§_ p'Value=44°/O =

proportionality 3

P
.
.
4 \ ,”
/ .
‘ 10_25 1" ¢'
— | - v
yii/”li — 2/71 3
| l"/' ;; "¢
fa‘ 9 ¢'
| e
; .

% Vector bosons
¢ 3" generation fermions 3

¢ Muons i
----- SM Higgs boson

® diagonality
(flavor violation)
Yi; =0, 1#] )

e reality (CP violation)
10 10

Im(y;;) = 0
— Particle mass (GeV)
J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 49 ICTS School, May 3 2022

Ratio to SM

G - &
N
I I \fl‘ 5 ]




PROPORTIONALITY

e “proportionality” and “factor of proportionality”

Yii X My yii/mizxﬁ/v
e reasonably well tested for 3rd generation fermions

br.u g 099999 > t
A
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TESTING FLAVOR
OF THE HIGGS

35.9-137 fb"' (13 TeV)

E>|> ] T T T T 1711 T T 11 | ;ﬁ, S
1 [t .\
g = CMS Wz |
- Ko |
s | m,=125.38 GeV "
wi. 107 EF ° -
g|>"" £ p-value = 44%
vy :
102 F _:

‘ ¢ Vector bosons
¢ 3" generation fermions 3
¢ Muons i
----- SM Higgs boson

Ratio to SM

Ll
10
Particle mass (GeV) .,
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HIERARCHICAL COUPLINGS?

e does Higgs couple to the first two generations?
® tough: couplings are small

e more modest question: can we show that the
couplings are hierarchical?

® yes, but for quarks with some assumptions

YeXp Yexp Yexp

e d(s
Yg;:g < 0.22(0.10), (5)

< .7(6)

v direct

st
measurements distrib.
J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 52 ICTS School, May 3 2022



MUON YUKAWA

CMS, 2009.04363; ATLAS, 2007.07830

e CMS: evidence for nonzero SM muon Yukawa

= Ok ().45, — 2 (EG)

| oms | atras

=k, = 1.09 £ 0.16

 a qualitative change following from this measurement:
¢ implies that Higgs Yukawas span many orders of magnitudes
e before: 2HDM would allow for O(1) 3rd generation Yukawas

® 2nd generation could be from a completely new sector EWSB
with O(1) Yukawa

e note: EWSB vev required for m,, is only ~100MeV

® caveat: still possible this is the case within present exp. errors

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 53 ICTS School, May 3 2022



137 b (13 TeV)

I ! I I | I I I | I I I I !

. N 0.44
Combined pu=1.197,,

CMS

—— Combined best fit u =~ —

MUONM -

_ +0.69
VBF-cat. | w=136"°

- === SM expectation

[ 68% CL 0
95% CL
m,, = 125.38 GeV

_ _ +0.65
ggH-cat. n=063_ "

e CMS: evidence for nonzer: -

A lops = 119 £043,  fHcat | w=2327]
L o 1.09 VH-cat. | w=548)" =
* a qualitative change follov
e implies that Higgs Yuk B N
e before: 2HDM would a Best-fit
® 2nd generation could be from a completely new sector EWSB ‘

with O(1) Yukawa
o note: EWSB vev required for m, is only ~100MeV

® caveat: still possible this is the case within present exp. errors
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MUON YUKAWA

CMS, 2009.04363; ATLAS, 2007.07830

e CMS: evidence for nonzero SM muon Yukawa

= Ok ().45, — 2 (EG)

| oms | atras

=k, = 1.09 £ 0.16

 a qualitative change following from this measurement:
¢ implies that Higgs Yukawas span many orders of magnitudes
e before: 2HDM would allow for O(1) 3rd generation Yukawas

® 2nd generation could be from a completely new sector EWSB
with O(1) Yukawa

e note: EWSB vev required for m,, is only ~100MeV

® caveat: still possible this is the case within present exp. errors
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FLAVOR VIOLATING
HIGGS COUPLINGS



FLAVOR VIOLATING
COUPLINGS

e in the SM Higgs couplings flavor
diagonal

e discovering flavor violating couplings
mean New Physics

e for charged lepton final states accessible
directly

® from h—tu, h—1e

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 55 ICTS School, May 3 2022



INDIRECT BOUNDS ON h—>TH

Harnik, Kopp, JZ, 1209.1397 see also Blankenburg, Ellis, Isidori, 1202.5704

e indirect bounds from charged lepton FCNC transitions

$ ) N )
KU
® 5
Il 7-
T - - 7
YT‘TPL + YTTPR
\_ W, _

Y Py + Y, Py

\_
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see also ATLAS 1907.06131

FLAVOR VIOLATING
COUPLINGS

e accessible directly for charged lepton final states

® from h—=1tu, h—1e
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see also ATLAS 1907.06131

FLAVOR VIOLATING
COUPLINGS

CMS 137 b7 (13 TeV) CM 137 b (13 TeV)
T 3 | C_GJ
e e
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see also ATLAS 1907.06131

FLAVOR VIOLATING
COUPLINGS

CMS 137 fb™' (13 TeV)
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INDIRECT BOUNDS ON h—>el

Harnik, Kopp, JZ, 1209.1397

e indirect bounds especially severe for h—eu

B S N DL B B
-8 @ - ATLAS Preliminary —— Observed
o Br(h%e‘l/l)<10 >_'1O—3 “-..\{’§=13Tev,139fb" —— zmzi; _'
required to surpass . :
the bound from 10 N
Br(u—ey)
107 =
® caveat: could be
cancellations - .
in the loop s ol
10° 10° 10* 107
Yl
R e
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CP VIOLATING
COUPLINGS



CLV HIGGS AND EDMS

e the notation

\ca —% (k7 Ff +i& s Frsf) h)

e strong constraints from eEDM

e also from nEDM once all hadronic matrix
elements available from Lattice QCD

e linear scaling with improvement on EDMs

e connections with baryogenesis

J. Zupan Higgs and Flavor 60 CRC meeting, Oct 6 2020



ELECTRON YUKAWA

e -~ :
Ke#O lnduces EIGCtr On EDM Altmannshofer, Brod, Schmaltz, 1503.04830

 dominant contributions at 2-loop

CPV t

e experimental bound acwe cor, 2018

de —29
~| <11x10®cm @90%C.L.
€

exp

|%,] <0.6-107°

J. Zupan Higgs and Flavor 61 CRC meeting, Oct 6 2020



Harnik, Martin, Okui, Primulando, Yu, 1308.1094
CMS Coll., CMS-PAS-HIG-20-006

HL-LHC IMPLICATIONS

e at HL-LHC potential to measure CPV i — 77 coupling

e for different tau decay modes define appropriate decay planes

e such that the angle ¢__ between them is CP violating

Mode u* n*t pT—=ntn’ aF - ata'7’ a;F - aTtaTaE
B(%) 174 115 259 95 9.8
Z Z Z
pcp A Cp A CP A
4 4 A
7T 7T 7T
no\
;\*—‘\ R
70 \ .
Axt
Y o+ Axt Y ot



Harnik, Martin, Okui, Primulando, Yu, 1308.1094

CMS Simulation Preliminary 13 TeV

0.06

O
o L}
(00)

| | I [ I | I I I I

—IIIIIIIII|IIII|IIII|IIII|IIII|IIII|—|

—CP even —CP odd
2¢ —CP mix —Z

AW

0.04

0.02

I I I | | I I | I

TT — Ut p_ >33 GeV

IllllllllIlllllllllllllllllllllllll

0

50

100 150 200 250 300 350
¢Cp(degrees)

n+\ st L\
71-0

CMS Coll., CMS-PAS-HIG-20-006

.TIONS

— 77 coupling
>ropriate decay planes

is CP violating

) 0 + +

a,t =ttt

93

7T




CMS Coll., CMS-PAS-HIG-20-006

PRESENT CONSTRAINT

e CMS with 137 fb~!

CMS Prelzmmary

137 fb~ !
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FLAVOR DIAGONAL
PROBES:
MAGNETIC MOMENTS



MAGNETIC AND ELECTRIC
DIPOLE MOMENTS

e two flavor diagonal dimension 5 operators

ear ;= de /= ...
Lo D 4mi (£0"0) Fuy — = (€0 iy50) Fyu

e anomalous magnetic moment (g — 2), = 2a,
® CP conserving
® SM value nonzero
e electric dipole moment d,
e CP violating
® SM value highly suppressed

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 65 ICTS School, May 3 2022



NEW PHYSICS IN (g —2) ?!

M

a,(SM) = 0.00116591810(43) -> 368 ppb

BNL g-2 ®
-2 3.70
FNAL g-2 + s
-2 330
< 4.20 >
= + -&-
Standard Experiment

Model average

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5

a,-10%— 1165900

* |ndividual tension
with SM

— BNL: 3.7c
— FNAL: 3.3c

a,(Exp) - a,(SM) = 0.00000000251(59) = 4.2c

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 66
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POSSIBLE DEVIATION
IN (8 — 23

o the value of (g —2), from g-2 coll.
asP — aSM 251(59) x 1071

,u
~— SM ~10
e the SM theory error ‘_22591810(43) % 10
dominated by
hadronic uncert.
QED 116584 718. 931(104)
Electroweak 153.6(1.0)
HVP (eTe”, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)
Total SM Value 116591 810(43)

The muon g-2 theory initiative, 2006.04822
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IF NEW PHYSICS...

o (g —2),showing 4.2¢ deviation from the SM
® in SMEFT from dimé operator

V2ev -

£5 gy 3 Lo Bl e

(g—2), = Ay ~ 15TeV
e note: any flavor violation needs to be highly

Suppressed u — ey = AZI Z 3500 TeV Greljo, Stangl, Thomsen, 2103.13991

* a possible (natural) solution - a symmetry

e a phenomenologically viable example: L, — L,

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 68 ICTS School, May 3 2022



(g —2), NEW PHYSICS MODELS

a’® —aM =251(59) x 10719 @

“ L — (o™ ) I
e NP models of two types 87 3
e chirality flip on SM fermion leg

e NP need to be light, S §
example: Z" from L, — L, RO
17 I/A,, Fr /\1‘\‘ T
e chirality flip can be on the ’ ‘
NP fermion leg ﬁ
® NP can be much heavier s
® example: minimal models ,; o ;\
with DM S
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(§—2), ? g )DELS

~y
aﬁxp —_— a/?M —_ 2 5 1 L, — L., u/7-loop effective kinetic mxing
— (9-2), B BaBar 2016
‘llF i ] CCFR LHCb
® P II I.O deJ .S i 1 =0 Borexino BaBar 2014

1072 4

e chirality flig

® NP need =
example:

e chirality flig
NP fermion

102 10°! 10°

Greljo et al, 2203.13731 mx [GeV]
® example: minimal models ,’ - A\\
. it I /\L 5 {‘/ R R‘ fC
with DM P
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(g —2), NEW PHYSICS MODELS

a’® —aM =251(59) x 10719 @

“ L — (o™ ) I
e NP models of two types 87 3
e chirality flip on SM fermion leg

e NP need to be light, S §
example: Z" from L, — L, RO
17 I/A,, Fr /\1‘\‘ T
e chirality flip can be on the ’ ‘
NP fermion leg ﬁ
® NP can be much heavier s
® example: minimal models ,; o ;\
with DM S
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(§ —2), NEW PHYSICS MODELS

exn M A1 - . 2an—10 e "
Model FLR1, (\15==1,1 =03, -d1=ly=1) —8 5 (,LLU ,U)F;w
>000 7 Qpuh?>0.12 Mg =5TeV. o
4000 ~ ionleg §
> 3000 il :
E LT / . ) \
A 1 / \ A
< 2000 . TEEENDY;} Fr Xpopo e
3 1 > l < - £
| my §
’;g
1000 - :
o e I er
0 1000 2000 3000 4000 5000
Mg, [GeV] lels
. - Calibbi, Ziegler, JZ, 1804.00009

Fs = Fr ~ 1o, Fp =Fr ~2_4), Fp =Ffp ~ 2}, S =Sk ~ 2173,

- J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 69 ICTS School, May 3 2022



Buen-Abad, Fan, Reece, Sun, 2104.03267

FLAVOR DIAGONAL ALP?

e ALP coupling to muons gives wrong sign contrib. to Aa,

2 3
M

_ CupCii
1673

Aag(D) o — —HH Aa® _ CupCyy&x Aa®)
M 167T3 ? M

B e ——emsteaesmmERmEET T

e need to compensate with aFF coupling at 1-10(5p, and with
2-loop contribs

o the scale required to explain Ag, anomaly low, f, ~ 100 GeV

e ditficult model building

e note: at the same order, 1/f2, expect other contribs. to a, from
uv

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 70 ICTS School, May 3 2022



Buen-Abad, Fan, Reece, Sun, 2104.03267

FLAVOR ' |

1035_ _E
e ALP coupling to muor = | :
E 102;_ BaBar |

S i
= 10 _

3

3 -

= i
100§— E
5 Buen-Abad, Fan, Reece, Sun, 2104.03267 -
—1 Ll Ll Ll Ll Ll L

Ag(D) o — Chr 1070= 107! 107 10! 107 10° 10t
H 1671'2 , Mg [GGV]

. ——— N E———
e need to compensate with aF'F coupling at 1-loop, and with

2-loop contribs

o the scale required to explain Ag, anomaly low, f, ~ 100 GeV

e difficult model building

e note: at the same order, 1/f2, expect other contribs. to a, from
|SAY
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Bauer, Neubert, Renner, Schnubel, Thamm, 1908.00008

FLAVOR VIOLATING ALP

FOR (g —2) p
e FV coupling 621 gives the right sign of Aa, for
m, > m,

BRSNS A At

e same model building challenge: low f,

e a possible way out: couple u off-diagonally to
heavy vector-like fermions E;, L,

e chirality flip from internal E,, L; line =
hlgher ‘][c‘z Z 1 TeV Brdar, Jana, Kubo, Lindner, 2104.03282

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 71 ICTS School, May 3 2022



FLAVOR VIC o o

FOR 3
- 107
; . >
e FV coupling ¢’ give 2
pungc., g E 10~
3 - 4 — e+ inv.
m, > mﬂ L
1078 u— eee ]
10710 _ ' ' ' '
0% 102 10% 10! 1 10
= : . [GeV]
e same model blﬂldlné Bauer, Neubert, Renner, ’Sréflrgubeel Thamm, 1908.00008

e a possible way out: couple u off-diagonally to
heavy vector-like fermions E;, L,

e chirality flip from internal E,, L; line =
hlgher -][C‘l Z 1 TeV Brdar, Jana, Kubo, Lindner, 2104.03282
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FLAVOR VI( 107§ b
FO R - (g — 2)M region
_TH 10—2 i Ry
: A, >
o FV coupling c,, give N
~ - 1 — e+ 1inv.
m, > mﬂ ES T v
107 © — eee |
1071 _ ' ' : '
0* 10° 107 10" 1 10
e V]
® salhe mOdel bUIldlné Bauer, Neubert, Renner, gé%rgg)eel Thamm, 1908. 00008

e a possible way out: couple u off-diagonally to
heavy vector-like fermions E;, L,

e chirality flip from internal E;, L, line =
hlgher .][cvl Z 1 TeV Brdar, Jana, Kubo, Lindner, 2104.03282
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FLAVOR VIC i

1 F
FO R - (g — 2)M region
_TH 10—2 e
. e, >
o FV coupling c,, give N
m, > mﬂ E

? ~ .
9 high scale ALP r region p— eee ]

10“0[ ' ' ' -
10 102 102 107! 1 10

[GeV]
Bauer, Neubert, Renner, Scfmubel Thamm, 1908. 00008 |

Neubert, ;
e a possible way out: couple u off-diagonally to

heavy vector-like fermions E;, L,

e same model building

e chirality flip from internal E;, L, line =
hlgher .][cvl Z 1 TeV Brdar, Jana, Kubo, Lindner, 2104.03282
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CONCLUDING REMARKS

e charged lepton flavor violating probes
give us access to physics at very high
scales

e both light and heavy NP of interest

e especially interesting in view of
experimental anomalies involving
muons

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 72 ICTS School, May 3 2022



73



THE STRONGEST FV
CONSTRAINTS

F;
1013 1012 1011 1010

Martin Camalich, Pospelov, Vuong, Ziegler, JZ, 2002.04623

[GeV]
10° | 10° 107 10° 10°

0000,

7

A — na

F

Fy F,, (prosp.) | Fy

106  10°5 10~* 103

10-2 10! 10° 10

m; eir [€V]

e
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e show several examples of LFV ALP
e LFV QCD axion

e LFV axitlavon
® leptonic familon

® majoron

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 75 ICTS School, May 3 2022



LFV QCD AXION

o DFSZ-like model: 2HDM+S: Xg = 1.Xy =2+ Xy

o flavor universal U(1)p( charges in quark sector, non-

universal in leptonic
Yukawa coupl. to H, Yukawa coupl. to H,

0 m 0 0 0
WO 0] y’ O - = 8?768 lfepton FV
< coupl.s of axion
0 O 01

-Gl -3

e hierarchy of entries external input

Ve

= axion-quark couplings
flavor diagonal

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 76 ICTS School, May 3 2022



LFV QCD AXION

e two benchmarks, assume just 1-2 mixing

Benchmark V+A Ja [GeV]
1013 1012 1011 1010 109 108 107 BenChmark V-A fa [GCV]
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LEPTONIC FAMILON

e separate Froggatt-Nielsen U(1) for
quarks and leptons

e leptonic f, scale assumed lighter =
these couplings dominate

([L]1, [L]2, [L]s) = (L, L, L), [Pure Anarchy]. = RH ALP
eTTwo benchmark chareeé assicnment- )
(L]1, L], [L]3) = (L+2,L+1, L), [Hierarchy] . = LH an

RH couplings
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LEPTONIC FAMILON

Anarchical familon model

1()11j =

|

10 EStar cooling g
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LEPTONIC FAMILON

An Hierarchical familon model
10" 10" E
1 01 0 f | 10 ;Star cooling ;
; Star cooling 1 O % @ %
— 107 _ 10° |
%J _% . TWIST ]
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MAJORON

* majoron- PNGB due to spontaneous
breaking of the lepton number

e neutrino masses m, & y ylv:/my
e majoron couplings, C;; v,y
e if m, suppressed by global U(1)

® = majoron observable

® "low energy see-saw"
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ASTROPHYSICS BOUNDS

Raffelt, Weiss , hep-ph /9410205

e bounds on massless ALP-electron from red
giants and white-dwarf cooling well known

® duetoe  + N—>e + N+a
® rescaled to nonzero ALP masses

e abovem, 2 0.1 MeV SN bounds become
important

* also bounds on couplings to muons, but
less severe
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* also bounds on couplings to muons, but

less severe
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CONNECTION TO
BARYOGENESIS

Fuchs, Losada, Nir, Viernik, 1911.08495, 2003.00099

e if EW baryogenesis assumed to be dominated by dim 6 Yukawas

e = lower limit on CPV Yukawas, Ky

e additional assumptions:
® there are additional d.o.f.s that give strongly first-order EWPT
® these do not change SM fermion interact. in the bubble wall
® no other (relevant) sources of CPV
e tau K, # 0 can explain EWBG, but not top or bottom
¢ reduced wash-out since no strong sphalerons for tau lepton

® large lepton diffusion coeffs. lead to efficient diffusion of
baryon assmymetry intto the broke phase

® overcompensate the smaller t-Yukawa coupling
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CONNECTION TO
BARYOGENESIS

Fuchs, Losada, Nir, Viernik, 2003.00099

K.~ 0.01 — 0.1 required for successful EWBG
o corresponds to A/4/A]. S 18 TeV4/0.01/k,
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Altmannshofer, Gori, Kagan, Silvestrini, JZ, 1507.07927

2HDM EXAMPLE:
SEQUESTERED MASS GENERATION

e two Higgs doublets, neutral compts: ¢, ¢’,vevs v, v’

® ¢ couples to 3rd family, ¢’ to all three tan 8 = v /v’

® a hierarchy of vevs v>»v’ can explain m>m,
e consider two flavor structures for ¢’ contribs. to M’

® “horizontal”: only off-diagonal entries nonzero

® “generic”: all m;” nonzero
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Altmannshofer, Gori, Kagan, Silvestrini, JZ, 1507.07927

DIAGONAL YUKAWAS

CMS: Br(h — tu) < 0.15 %

Br(h—tu)=0.84% Br(h—tu)=0.28% Br(h—1u)=0.08%

X

® scanning over mass g2 |\ ia herizontal,

matrix entries and imposing: 5 10
e that m,, m.are 0.8]
eigenvalues L6f T T T T
e the heavy Higgs xsec L4
bounds 12}
o ratios k, < land k,/k, < 1  LOZES
Ve o o
favored 0.8 G
e sizeable flavor violating 0.65: 8 -
SR \
Br(h — ) 0.4}

002_ 11111111111111111 Y SETETEE SRR S T S S S R R S R S S | 7
-1.5-10 -05 00 05 10 15 20

J. Zupan Lepton Flavor Violation (Lectures 3 & 4) 85 ¥
U




Altmannshofer, Gori, Kagan, Silvestrini, JZ, 1507.07927

DIAGONAL YUKAWAS

CMS: Br(h — tu) < 0.15%
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® scanning over mass g2l |\, g herizontal
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